The flavivirus genus, which includes dengue virus (DENV) and Zika virus (ZIKV), are significant 38 human pathogens and the prevalence of infected vectors continues to geographically expand. 39
5 infection, a positive-sense RNA virus belonging to the Enterovirus genus, through its negative 115 regulation of a non-canonical form of autophagy (23). Similar to flaviviruses, CVB relies on the 116 availability of intracellular membranes to establish replication compartments; however, the source 117 of these cellular membranes is variable. In this study, we identified BPIFB3 as a positive regulator 118 for flavivirus infection. Mechanistically, we show that BPIFB3 functions upstream of RETREG1 to 119 specifically control reticulophagy, thereby controlling the availability of ER membranes for viral 120 replication. Our study therefore defines a specific role for BPIFB3 in reticulophagy and suggests 121 that it differentially controls enterovirus and flavivirus replication. 122
123

Results
124
BPIFB3 is required for DENV and ZIKV infection 125
We have previously shown that BPIFB3 is an ER-localized negative regulator of CVB infection 126 (23). Given that flaviviruses replicate exclusively on membranes derived from the ER, we 127 determined whether BPIFB3 also functions to regulate DENV and ZIKV replication. To do this, 128 human brain microvascular endothelial cells (HBMEC) were transfected with either a siRNA 129 targeting BPIFB3 (BPIFB3si) or a control siRNA (CONsi) and infected with DENV, ZIKV, or CVB 130 (23). In contrast to the significant enhancement of CVB infection, RNAi-mediated silencing of 131 BPIFB3 resulted in an approximately 90% decrease in the replication of both DENV and ZIKV, as 132 assessed by RT-qPCR and immunofluorescence microscopy for the production of double-133 stranded RNA, a replication intermediate (Figure 1a , d, S1d), and a 100-fold decrease in 134 infectious particle production (Figure 1b) . This phenotype was specific for BPIFB3 and other 135 members of the BPIFB family (BPIFB2 and BPIFB6) did not affect DENV and ZIKV uniformly 136 Silencing of BPIFB3 in HBMEC rep had no effect on replicon RNA levels (Figure 1c) , suggesting 142 the defect in flavivirus infection occurs prior to the formation of viral replication organelles within 143 the ER. 144
To characterize the effects of BPIFB3 depletion on DENV and ZIKV infection, we 145 performed transmission electron microscopy (TEM) on DENV-and ZIKV-infected HBMEC 146 transfected with CONsi or BPIFB3si. We found that BPIFB3si prevented the formation of both 147 DENV and ZIKV membrane bound viral replication organelles (Figure 1e) . Quantification of ZIKV 148 replication organelles (defined as ER associated, membrane bound vesicles of approximately 70-149 100 nm) confirmed that BPIFB3 silencing inhibited flavivirus infection prior to genome replication 150 (Figure 1f) . In addition to defects in replication organelle formation, we did not observe the 151 formation of convoluted membranes or ER rearrangement characteristic of flavivirus infection in 152 BPIFB3-depleted cells, suggesting BPIFB3si inhibits infection early during the viral lifecycle. 153
154
Infection of BPIFB3 depleted cells induces aberrant ER structures 155
We showed previously that BPIFB3 localizes to domains enriched for the ER sheet marker 156 CLIMP63 (26) . Therefore, we sought to examine whether BPIFB3 is involved in regulating ER 157 morphology or turnover during flavivirus infection. In uninfected cells, ER sheets originate at the 158 nuclear envelope and extend to the cell periphery in a fairly uniform arrangement; however, during 159 infection with DENV and ZIKV, ER sheets (marked by CLIMP63) condense around the perimeter 160 of the nucleus where they co-localize with viral double stranded RNA (dsRNA), designating the 161 location of viral membrane remodeling and replication organelle formation (22). In some cases, (Figure 3c, 3d) . These data suggest that BPIFB3 expression protects ER sheets from 210 degradation through autophagy, and that loss of BPIFB3 leads to enhanced ER turnover. 211
212
RETREG1 and BPIFB3 localize in close proximity within the ER 213
Given our data indicating BPIFB3 stabilizes ER sheets, we sought to determine whether BPIFB3 214 regulates the reticulophagy pathway. We first analyzed whether BPFIB3 localizes with RETREG1, 215 which we showed previously functions as an antiviral regulator of flavivirus infection (22).We 216 found that ectopically expressed BPIFB3 colocalized with both wild-type RETREG-1 and an 217 autophagy deficient mutant of RETREG1 lacking an LC3 interacting region (LIR) (mutLIR), 218 9 suggesting that BPIFB3 and RETREG1 colocalize independent of the ability of RETREG-1 to 219 function in reticulophagy (Figure 4a) . To assess if co-localization was due to a direct interaction 220 we performed co-immunoprecipitation experiments, however we were unable to observe an 221 interaction between BPIFB3 and RETREG1 due to low protein solubility. 222
To determine whether BPIFB3 and RETREG1 reside in close proximity to one another, 223
we used a modified reversible bimolecular fluorescence complementation (BiFC) assay. This 224 assay utilizes GFP broken into two distinct fragments, a large portion composed of the first ten b 225 sheets of GFP (GFP1-10) and a smaller fragment composed of the eleventh b sheet (GFP11) 226 (27). When the tagged proteins do not interact or associate within the same complex, the GFP 227 fragments are too far apart and there is no fluorescence. However, if there is either a direct or 228 indirect association (of less than 10nm apart), GFP folds correctly and fluoresces similar to full 229 length GFP (28) (schematic, Figure 4b ). We fused RETREG1 with GFP1-10 and BPIFB3 with 230 the smaller GFP11. U2OS cells were transfected with each split GFP construct and with either 231 mCherry fused CLIMP63 or RFP fused LC3. We found that RETREG1 GFP1-10 and BPIFB3 232 GFP11 localized in very close proximity (<10nm) to one another, as determined by positive GFP 233 fluorescence in cotransfected cells, however no green fluorescence was observed when 234 RETREG1 GFP1-10 was expressed with GFP11 alone (Figure S3) . We further found that BiFC-235 component BPIFB3 and RETREG1 co-localized with the ER sheet marker CLIMP63, but not the 236 autophagosome marker LC3 (Figure 4c) . These data suggest that BPIFB3 and RETREG1 237 localize to ER sheets and are in close proximity, but may not form a direct interaction. Further, we 238 did not observe RETREG1 colocalization with LC3B upon expression of BPIFB3, thus BPIFB3 239 may restrict RETREG1-mediated reticulophagy. 240
241
BPIFB3 negatively regulates RETREG1-mediated reticulophagy 242
To determine whether silencing of BPIFB3 enhances reticulophagy, we first analyzed ER 243 morphology and autophagosome accumulation by TEM in cells co-depleted of BPIFB3 and 244 RETREG1. We previously showed that BPIFB3 silencing leads to an accumulation of 245 autophagosomes, lysosomes, and amphisomes (23). However, this phenotype was completely 246 reversed in cells transfected with RETREG1si (Figure 4d, 4e) , suggesting that this induction 247 occurs downstream of RETREG-1-mediated reticulophagy. 248
In response to autophagy induction, RETREG1 interacts with LC3 to target ER 249 membranes to the autophagosome for eventual degradation by the lysosome (13). Given that 250 BPIFB3 expression led to increased levels of ER sheets and that silencing of RETREG1 reversed 251 the induction of autophagy in cells transfected with BPIFB3si, our data suggested that BPIFB3 252 inhibits RETREG1-mediated reticulophagy. To confirm this, we transfected U2OS cells with 253 RETREG1-GFP and LC3-RFP in the presence or absence of BPIFB3 under nutrient rich or 254 nutrient deprived conditions. We found no differences in the numbers of RETREG1 positive 255 puncta alone (Figure 5b ) or in the co-localization of RETREG1 and LC3 puncta (Figure 5c ) under 256 nutrient rich conditions. However, in response to nutrient deprivation, we found that BPIFB3 257 expression significantly reduced the number or RETREG1 positive puncta (Figure 5b) and 258 prevented the co-localization of RETREG1 with LC3 (Figure 5c) . Collectively, these data suggest 259 that BPIFB3 functions as a negative regulator of RETREG1-mediated reticulophagy. (Figure 6a, 6b) . Consistent with our previous work (22), silencing of 269 RETREG1 enhanced flavivirus replication, which was unaffected by BPIFB3 silencing. Moreover, 270
we found that co-depletion of BPIFB3 and RETREG1 also reversed the proviral impact of BPIFB3 271 silencing on CVB replication (Figure 6c) . Depletion of BPIFB3 and RETREG1 was confirmed by 272 RT-qPCR ( Figure S4) . Interestingly, we found that BPIFB3 specifically regulates RETREG1-273 mediated ER sheet reticulopahgy as the anti-flaviviral effect of BPIFB3 silencing was unaffected 274 by silencing of either reticulon 3 (RTN3), the ER tubule specific reticulophagy receptor, or the ER 275 stress-specific reticulophagy receptor Sec62 (Figure S5) . Lastly, we found that BPIFB3 localizes 276 to the same ER domains as flaviviral nonstructural proteins during active replication, as 277 determined by the colocalization of DENV NS1, NS3 and ZIKV NS4B which localize to replication 278 organelles during infection (Figure 6d) . These data implicate BPIFB3 as a specific negative 279 regulator of RETREG1-mediated reticulophagy, which functions to promote flaviviral replication. here further confirms that degradation of the ER is an antiviral process and defines a new 307 mechanism used by flaviviruses to regulate ER turnover. RNAi mediated silencing of BPIFB3 308 leads to enhanced levels of reticulophagy, which decreases the availability of ER membranes for 309 flavivirus replication. Concurrent depletion of RETREG1 with BPIFB3 overcomes this defect, 310 demonstrating that the antiviral effects of BPIFB3 depletion are specific to RETREG1-mediated 311 reticulophagy and inhibition of this pathway restores viral replication. These data imply that the 312 manipulation of BPIFB3 protein levels during flavivirus infection could alter reticulophagy levels 313 to either enhance viral replication or allow for the host cell to overcome infection at an early stage. 314
One method proposed to promote membrane expansion during flavivirus infection is the 315 induction of autophagy (30) . However, our data demonstrate that enhanced levels of 316 reticulophagy, particularly early during infection, inhibits membrane remodeling and replication 317 organelle formation. Recent work has identified a number of ER-specific autophagy pathways that 318 differ by the receptor used to target cargo to autophagosomes (13,32,33). However, it remains 319 unclear whether these pathways are regulated by the same machinery that controls canonical 320 
